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Abstract.  We  present  results  on  trapping  and  cooling  of  positrons  in  a Penning 
trap.  Up  to  a few  thousand  positrons  are  trapped  and  sympathetically  cooled  through 
Coulomb  collisions  (sympathetic  cooling)  with  laser-cooled  ®Be+  ions.  By  imaging  the 
^Be"*"  laser-induced  fluorescence,  we  observe  centrifugal  separation  of  the  ^Be'^  ions 
and  the  positrons,  with  the  positrons  coalescing  into  a column  along  the  trap  axis. 
This  indicates  the  positrons  have  the  same  rotation  frequency  and  comparable  density 
(~  4 X 10®  cm"®)  as  the  ®Be+  ions,  and  places  an  upper  limit  of  approximately  5 K 
on  the  positron  temperature  of  motion  parallel  to  the  magnetic  field.  The  measured 
positron  lifetime  is  > 8 days  in  our  room  temperature  vacuum  of  10~®  Pa. 

5 Contribution  of  NIST.  Not  subject  to  U.S.  copyright. 


I INTRODUCTION 

This  paper  presents  experimental  results  on  the  capture,  storage  and  cooling  of 
positrons  in  a Penning  trap  that  simultaneously  contains  laser-cooled  ®Be'*“  ions. 
The  experimental  work  follows  previous  discussions  and  simulations  of  trapping  and 
sympathetic  cooling  of  positrons  via  Coulomb  collisions  with  cold  ®Be+  ions  [1,2], 
Similar  and  somewhat  more  detailed  discussions  are  given  in  [3].  Cold  positron 
plasmas  are  useful  as  a source  for  cold  beams  of  high  brightness  [4,5].  In  addition 
cold  positron  plasmas  are  useful  for  studies  of  positron-normal-matter  interactions, 
such  as  the  study  of  resonances  in  low-energy  positron  annihilation  on  molecules  [4], 
for  production  of  a plasma  whose  modes  must  be  treated  quantum  mechanically 
[1,6],  and  for  formation  of  antihydrogen  by  passing  cold  antiprotons  through  a 
reservoir  of  cold  positrons  [7,8]. 

Several  groups  have  successfully  trapped  positrons  in  electromagnetic  traps. 
Positrons  have  been  trapped  using  resistive  cooling  of  the  positrons  [9],  by  ramp- 
ing the  trap  electrostatic  potential  [10],  and  in  a magnetic-mirror  configuration  by 
electron  cyclotron-resonance  heating  [11].  Recent  experiments  by  Gabrielse  and  co- 
workers [8,12,13]  have  successfully  trapped  more  than  10®  positrons  in  a cryogenic 
trap  in  1 hour  through  a method  where  positronium  in  a high  Rydberg  state  created 
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FIGURE  1.  (a)  Schematic  diagram  of  the  load  and  experimental  cylindrical  Penning  traps; 
EC=end  cap,  C=compensation,  R=ring  of  the  experimental  trap,  (b)  Two  species  ®Be+  - e+ 
plasma;  camera  image  (top)  and  radial  variation  of  fluorescence  signal  integrated  over  z (bottom). 


on  the  surface  of  the  moderator  is  field-ionized  in  the  trap.  Surko  and  co-workers 
[4,5,14-16],  using  a 90  mCi  positron  source,  report  the  largest  number  of  trapped 
positrons  (~  3 x 10®)  with  a trapping  rate  of  3x10®  positrons  in  8 minutes  and  a 
trapping  efficiency  greater  than  25  % of  the  moderated  positrons.  In  these  experi- 
ments trapping  was  achieved  through  collisions  with  a room-temperature  buffer  gas 
of  N2.  In  this  paper  we  discuss  the  results  of  simultaneously  trapping  and  cooling 
positrons  with  laser-cooled  ^Be"*"  ions.  We  observe  centrifugal  separation  of  the 
positrons  and  ions,  which  enables  us  to  determine  the  positron  density  and 
place  a rough  upper  bound  on  the  positron  temperature. 

II  EXPERIMENTAL  SETUP 

The  Penning  trap,  along  with  the  positron  source  and  positron  moderator  are 
shown  in  Fig.  1(a).  The  stack  of  cylindrical  electrodes  (10  mm  in  diameter,  60  mm 
long)  forms  two  Penning  traps,  in  a 6 T magnetic  field.  The  top,  load  (L)  trap  was 
used  to  create  ion  plasmas  by  ionizing  neutral  ®Be  atoms  sublimated  from 
a heated  ®Be  filament.  The  ^Be"*^  ions  are  transferred  to  the  lower,  experimental 
(E)  trap  for  experimentation.  In  a single  load-transfer  cycle  we  can  store  over  one 
million  ions.  An  axisymmetric,  nearly  quadratic  trapping  potential  is  generated  by 
biasing  the  ring  of  the  experimental  trap  to  a negative  voltage  V/j  and  adjacent 
compensation  electrodes  to  Vc  = 0.9xVr.  For  V/{=  -100  V,  and  for  the  endcap 
voltage  V^c  = 0 the  single  particle  axial  frequency  for  ®Be+  ions  is  W2/27r=870 
kHz,  and  the  magnetron  frequency  is  Wm/27r=35  kHz. 

The  ions  were  cooled  by  a laser  beam  tuned  10  MHz  lower  than  a hyperfine- 
Zeeman  component  of  the  2s^5i/2  — * 2p^F3/2  resonance  in  ^36+  at  313  nm  [17|. 
The  laser  beam  was  directed  through  the  trap,  intersecting  the  ion  plasma  on 
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the  side  receding  from  the  laser  beam  due  to  the  plasma  rotation.  As  shown  in 
Fig.  1(a)  the  beam  entered  the  trap  between  the  upper  compensation  and  ring 
electrodes,  passed  through  the  trap  center,  and  exited  through  the  gap  between  the 
ring  and  lower  compensation  electrode,  making  an  11°  angle  with  the  horizontal 
(x-y)  plane.  Based  on  measurements  performed  in  previous  experiments  [17-19]  we 
expect  Tx  < T\\  < 100  mK,  where  T±  and  7]|  describe  the  velocity  distributions  in 
the  direction  perpendicular  and  parallel  to  the  trap  axis  (z  axis). 

An  ion  plasma  in  thermal  equilibrium  at  these  cryogenic  temperatures  is  a 
uniform-density  plasma  with  a rigid-body  rotation  frequency  tUr  in  the  range 
ujjn  < (^r  < — ujm,  where  = 10.2  MHz  is  the  ion  cyclotron  frequency.  We 

used  a rotating  electric  field  perturbation  to  control  ojr  [20].  The  ion  density  is 
constant  within  the  plasma  and  is  given  by  no  = 2eomuJr{^  — Ur)/q^,  where  q and 
m are  the  charge  and  mass  of  an  ion,  and  to  is  the  permittivity  of  the  vacuum. 
Since  the  trapping  potential  is  quadratic  near  the  trap  center,  the  plasma  has  the 
shape  of  a spheroid  whose  aspect  ratio,  a = zq/to,  depends  on  uJr-  Here  2zo  and  2ro 
are  the  axial  and  radial  extents  of  the  plasma  spheroid.  Low  rotation  (u)r  ~ 
results  in  an  oblate  spheroid  of  large  radius.  Increasing  u>r  increases  the  Lorentz 
force  due  to  the  plasma  rotation  through  the  magnetic  field,  which  in  turn  increases 
a and  ng.  At  oJr  = fl/2  (Brillouin  limit)  the  ion  plasma  attains  its  maximum  aspect 
ratio  and  density.  For  ®Be+  ions  at  6 T the  maximum  ion  density  is  1.1x10^°  cm~^. 
Side-view  images  of  the  ^Be"*'  plasma  spheroid  were  produced  by  an  f/5  imaging 
system  that  sends  313  nm  photons  scattered  in  a direction  11°  above  the  z = 0 
plane  of  the  trap  onto  the  photocathode  of  a photon-counting  imaging  detector. 

The  source  for  the  positrons  is  a 2 mCi  ^^Na  source  with  an  active  diameter  of 
~1  mm.  The  source  is  placed  just  above  the  vacuum  envelope,  and  positrons  enter 
the  trap  through  a Ti  foil  of  7/rm  thickness.  Positrons  travel  along  the  axis  of  the 
Penning  traps  until  they  hit  the  moderator  crystal  placed  below  the  lower  end-cap 
of  the  experimental  Penning  trap.  The  positron  current  reaching  the  crystal  was 
measured  by  an  electrometer.  At  the  beginning  of  our  experiment  the  measured 
current  was  ~2  pA.  For  the  method  of  trapping  positrons  discussed  in  [2],  a 
room-temperature  kinetic-energy  distribution  of  moderated  positrons  is  important. 
Room-temperature  distributions  of  moderated  positrons  have  been  reported  in  the 
literature  for  a number  of  single-crystal  metallic  moderators.  We  chose  a Cu(lll) 
moderator  crystal  because  of  the  expected  narrow  distribution  of  positrons  [21,22], 
and  because  it  can  be  annealed  at  a lower  temperature  (~900  °C).  However,  for 
the  experimental  results  discussed  here  the  moderator  crystal  was  heated  only  to 
350  °C  during  the  vacuum  bakeout. 


Ill  POSITRON  DETECTION 

In  the  experiment,  the  presence  of  trapped  positrons  was  verified  by  three  dif- 
ferent methods.  The  positrons  were  detected  by  our  (a)  observing  changes  in  the 
®Be+  ion  fluorescence  due  to  application  of  microwaves  near  the  positron  cyclotron 
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frequency,  (b)  detecting  the  absence  of  ®Be+  ions  in  the  plasma  center  in  side-view 
images  of  the  ^Be"*”  ion  fluorescence,  and  (c)  detecting  the  annihilation  radiation 
after  pulsing  the  accumulated  positrons  onto  the  titanium  foil  above  the  trap. 

The  first  evidence  of  positron  accumulation  was  obtained  through  microwave  ex- 
citation of  the  positron  cyclotron  resonance  near  166  GHz.  Waveguides  carried  the 
microwave  radiation  into  the  magnet  bore  close  to  the  trap  center.  The  microwaves 
heated  the  positrons  by  increasing  their  cyclotron  energy.  Through  Coulomb  inter- 
actions the  positrons  then  increased  the  ^Be'*'  ion  energy  which  changed  the  level 
of  the  ^Be"*"  ion  fluorescence.  The  positron  cyclotron  resonance  curve,  obtained  by 
sweeping  the  microwave  radiation  around  166  GHz,  was  ~200  kHz  wide  [3].  We 
believe  this  resonance  width  was  probably  caused  by  power  broadening.  Significant 
positron  excitation  was  required  [3]  to  observe  the  resonance  because  of  the  weak 
coupling  between  the  positron  cyclotron  and  the  ®Be+  ion  motions  and  the  low 
rate  of  energy  transfer  between  the  positron  cyclotron  and  axial  energies  in  the 
high  magnetic  field  of  our  trap  [23]. 

Due  to  the  plasma  rotation,  ion  species  with  different  charge-to-mass  ratios  tend 
to  centrifugally  separate  in  a Penning  trap  [24,25].  With  positrons  and  ®Be"^  ions, 
the  positrons  drift  radially  inward  and  the  heavier  ions  outward  until  both  species 
come  to  thermal  equilibrium  and  rotate  at  the  same  w,-  as  a rigid  body  [25].  In  the 
limit  of  zero  temperature,  the  edges  of  each  plasma  will  be  sharp  (Debye  length— > 
0),  and  the  plasmas  will  completely  separate,  with  the  positrons  forming  a column 
of  uniform  density  along  the  trap  axis.  If  the  ®Be+  plasma  density  is  significantly 
below  the  Brillouin  limit,  the  e'*"  and  ^Be'*'  densities  are  approximately  equal  and 
the  plasma  separation  is  quite  small  [25]. 

Figure  1(b)  shows  an  image  of  a ^Be'*'  — e'*"  plasma  along  with  the  radial  depen- 
dence of  the  fluorescence  signal.  The  ^Be'*'  ion  density  no  is  calculated  from  the 
rotation  frequency  u>r  set  by  the  rotating  wall.  With  approximately  equal  density 
for  both  species,  the  number  of  positrons  in  the  “dark”  column  of  the  plasma  image 
is  no  X V,  where  V is  the  volume  of  the  “dark”  region. 

If  any  ions  with  a mass-to-charge  ratio  less  than  ^Be'^  are  created  during  the 
positron  accumulation,  they  will  also  centrifugally  separate  and  contribute  to  the 
size  of  the  non-fluorescing  column  in  the  plasma  center.  With  the  ^^Na  source 
blocked,  we  deliberately  created  singly  charged  light-mass  ions  by  ionizing  back- 
ground gas  with  a ~15  eV  electron  beam.  From  the  volume  of  the  central  dark 
region  as  a function  of  time,  the  lifetime  of  the  light-mass  ions  was  measured  to 
be  less  than  10  hours.  Similar  measurements  were  performed  after  accumulating 
positrons  and  are  discussed  in  more  detail  in  the  next  section.  In  this  case  very 
little  change  in  the  volume  of  the  central  dark  region  was  observed  after  the  ^^Na 
source  was  blocked  for  12  hours.  This  indicates  that  most  of  the  dark  central  region 
in  Fig.  1(b)  is  due  to  positrons  rather  than  impurity  ions  of  light  mass. 

To  further  verify  that  the  dark  central  column  in  Fig.  1(b)  is  due  to  accumulated 
positrons,  we  pulsed  the  e+— ®Be+  plasma  onto  the  7 (xm  Ti  foil  located  above 
the  trap  and  detected  the  resulting  positron  annihilation  radiation.  The  positron 
annihilation  radiation  was  detected  with  a Nal  scintillation  crystal  mounted  2.5  or 
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5 cm  above  the  Ti  foil.  A light  pipe  coupled  the  output  of  the  Nal  crystal  to  a 
photomultiplier  tube  mounted  a few  feet  above  the  magnet.  The  ^^Na  source  is 
removed  from  the  magnet  bore  during  this  procedure. 

We  attempted  to  eject  all  the  positrons  rapidly  compared  to  the  rise  time  of  the 
Nal  crystal  scintillation  (~300  ns  ).  In  this  way  the  scintillation  crystal  will  produce 
a single  pulse,  free  from  background  radiation,  whose  height  is  proportional  to  the 
number  of  annihilated  positrons.  The  resulting  annihilation  pulse  was  recorded  on 
a digital  oscilloscope.  For  a fixed  procedure  for  positron  ejection  the  voltage  peak 
of  the  output  pulse  was  proportional  to  the  amount  of  light-mass  charge  measured 
from  side-view  images  such  as  Fig.  1(b).  However,  changing  the  ejection  procedure 
by  pulsing  the  positrons  with  different  voltages,  or  by  moving  the  positrons  to 
the  load  trap  for  ejection,  produced,  in  many  cases,  a different  proportionality 
constant.  For  some  conditions  the  output  annihilation  pulse  was  significantly  longer 
than  the  scintillator  single-event  pulse  and  delayed  beyond  the  scintillator  and 
high-voltage  pulse  rise-times.  This  indicated  that  for  these  conditions  not  all  the 
positrons  were  dumped  simultaneously.  We  believe  the  reason  for  this  is  pick-up  and 
ringing  induced  by  the  high-voltage  pulse  on  different  trap  electrodes.  Therefore, 
to  estimate  the  number  of  trapped  positrons,  only  annihilation  procedures  that 
produced  single-event  pulses  were  used. 

The  Nal  crystal  detection  system  was  calibrated  with  a ~37  kBq  (1  /iC)  ®®Ge 
source.  Overall  we  estimate  the  uncertainty  in  determining  the  number  of  anni- 
hilated positrons  from  the  peak  of  the  annihilation  pulse  to  be  ~25  %.  Figure 
2 summarizes  the  results  of  positron  annihilations  done  with  several  different  ex- 
perimental procedures.  Systematic  variation  between  the  different  procedures  is 


number  from  "dark"  plasma  volume 

FIGURE  2.  Comparison  of  the  number  of  trapped  positrons  obtained  from  the  calibrated  an- 
nihilation signal  with  the  number  obtained  from  the  volume  of  the  “dark”  plasma  column.  Mea- 
surements were  taken  with  the  positrons  ejected  from  different  traps,  with  different  voltage  pulse 
heights  (500  - 750  V),  and  with  the  Nal  crystal  located  2.5  cm  (squares  and  circles)  and  5 cm 
(triangles)  from  the  Ti  foil. 
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observed.  While  we  do  not  understand  this  variation,  the  positron  number  deter- 
mined by  the  annihilation  method  should  provide  a lower  limit  for  the  number  of 
trapped  positrons.  In  all  cases  the  positron  number  measured  by  annihilation  is 
greater  than  the  number  calculated  from  the  volume  of  the  “dark”  column.  How- 
ever, the  ~40  % difference  is  on  the  order  of  the  combined  uncertainty  of  these  two 
positron  measurement  methods.  Therefore  we  cannot  determine  with  any  certainty 
whether  the  number  of  trapped  positrons  is  greater  than  indicated  by  the  volume  of 
the  “dark”  column.  However  the  annihilation  measurements  do  support  our  claim 
that  most  of  the  light-mass  charges  in  images  such  as  Fig.  1(b)  are  positrons  that 
have  centrifugally  separated  from  the  Be"''  ions. 

Centrifugal  separation  implies  that  the  positrons  are  rotating  with  the  same 
rotation  frequency  as  the  Be'*'  ions  and  are  cold  enough  to  have  approximately  the 
same  density.  We  observed  centrifugal  separation  of  the  positrons  with  rotation 
frequencies  up  to  1 MHz.  For  larger  rotation  frequencies,  the  radius  of  the  positron 
column  was  too  small  to  clearly  see  separation.  In  the  6 T magnetic  field  of  this 
experiment  Ur  « 27tx  1 MHz  gives  positron  densities  ~4xl0®  cm"^.  This  is  ~ 50 
times  greater  than  the  highest  positron  density  previously  achieved  [16]. 


IV  POSITRON  ACCUMULATION  AND  LIFETIME 

Because  of  method’s  simplicity,  we  initially  attempted  to  load  positrons  by  fol- 
lowing, as  much  as  possible,  the  method  described  in  Ref.  [13]  of  field  ionizing 
high-Rydberg  positronium.  The  basic  idea  is  that  in  high  magnetic  field  a frac- 
tion of  the  moderated  positrons  that  leave  the  moderator  crystal  combine  with 
an  electron  to  form  positronium  in  a very  high  Rydberg  state  at  the  moderator 
crystal’s  surface.  After  leaving  the  crystal,  the  positronium  travels  into  the  trap 
as  long  as  the  electric  fields  between  the  moderator  and  trap  are  not  large  enough 
to  field-ionize  the  Rydberg  state.  The  trap  potentials  are  adjusted  to  give  a larger 
electric  field  inside  the  trap  capable  of  field-ionizing  the  positronium  and  therefore 
capturing  the  positron. 

By  mimicking  this  method  we  were  able  to  accumulate  a few  thousand  positrons. 
However,  our  accumulation  rate  is  approximately  3 orders  of  magnitude  lower  than 
that  obtained  in  [13]  and  limited  the  total  number  of  positrons  loaded  into  the  trap. 
While  both  experiments  are  performed  in  a high  magnetic  field  (5.3  T in  [13]  and  6 
T in  our  setup),  there  were  substantial  differences  in  the  two  setups.  In  particular, 
reference  [13]  used  tungsten  moderator  crystals  at  cryogenic  (4  K)  temperatures, 
compared  with  the  room-temperature  Cu  moderator  used  here.  They  observed  that 
their  accumulation  rate  depended  sensitively  on  the  gas  absorbed  on  the  surface  of 
the  moderator  crystal.  Heating  the  moderator  while  the  rest  of  the  trap  is  at  4.2  K 
significantly  reduced  the  accumulation  rate.  Our  Cu  moderator  crystal  was  baked 
with  the  rest  of  the  trap  at  350  °C  for  about  2 weeks,  which  may  have  desorbed 
much  of  the  adsorbed  gases.  We  also  plan  to  accumulate  positrons  by  the  method 
outlined  in  Ref.  [2],  where  positrons  are  loaded  through  Coulomb  collisions  with 
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trapped  ®Be+  ions.  Results  of  this  method  will  be  discussed  in  a future  publication. 

Figure  3 shows  the  measured  lifetime  of  the  positrons,  ^Be"*"  ions,  and  light  mass 
impurity  ions.  The  ^Be"^  ion  and  positron  lifetimes  were  measured  simultaneously 
on  the  same  plasma  by  first  accumulating  positrons  and  then  blocking  the  ^^Na 
source  and  measuring  the  number  of  ^Be'*'  ions  and  positrons  that  remained  after 
each  day  for  a week.  The  trap  voltage  during  the  lifetime  measurement  was  -40  V. 
When  the  ion  and  positron  numbers  were  not  being  measured,  the  laser  cooling  and 
rotating  electric  field  perturbation  were  turned  off.  The  measured  lifetime  of  the 
positrons  was  8 days  and  is  nearly  identical  to  the  measured  ®Be+  lifetime.  This 


FIGURE  3.  Life-time  of  positrons  (solid  circles),  ®Be"''  ions  (solid  boxes,  number  shown  = 
actual  number  100)  and  light  impurity  ions  (triangles) 

indicates  that  the  measured  positron  lifetime  could  be  limited  by  the  trapping  life- 
time of  charged  particles  in  our  trap,  rather  than  by  annihilation  with  background 
gas.  We  measure  the  background  pressure  in  our  trap  to  be  between  10~®  and 
10~®  Pa.  The  trap  was  baked  at  350  °C  for  about  2 weeks  and  was  pumped  by  a 
sputter-ion  pump  and  a titanium  sublimation  pump.  For  comparison  we  also  show 
the  measured  lifetime  of  light-mass  impurity  ions.  These  ions  such  as  Hj,  H3  or 
He+  disappear  relatively  quickly  due  to  reactions  with  background  gas  molecules. 

V POSITRON  TEMPERATURE  ESTIMATE 

Centrifugal  separation  of  two-species  ion  plasmas  has  been  observed  and  studied 
in  ®Be+-Hg+  [24],  9Be+-2®Mg+  [26],  ®Be+-Cd+  [27],  and  (32<  q < 

44)  [28]  plasmas.  In  these  experiments,  laser-cooling  of  one  ion  species  resulted 
in  temperatmes  of  less  than  ~1  K for  the  other  ion  species.  However,  the  energy 
transfer  in  a e"^— ^Be'*'  collision  is  ~1000  times  weaker  than  in  these  previous  sym- 
pathetic cooling  studies.  Because  we  could  not  find  a more  direct  method,  we  used 
the  centrifugal  separation  of  the  ®Be+  ions  and  positrons  to  place  an  upper  limit  of 
about  5 K on  the  positron  temperature  of  motion  parallel  to  the  magnetic  field. 
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FIGURE  4.  (a)Calculated  radial  variation  of  the  ®Be+  ion  density  for  different  positron  temper- 
atures, and  (b)  Measured  radial  dependence  of  the  fluorescence  of  scattered  laser  light  for  ®Be+ 
- impurity  ion  and  for  ®Bc'*'-e'*'  plasmas. 


In  the  6 T magnetic  field  of  the  trap,  the  positron  cyclotron  motion  is  coupled  to 
the  room  temperature  walls  (electrodes)  of  the  trap  with  a ~100  ms  time  constant. 
In  addition  the  positron  cyclotron  motion  is  collisionally  coupled  to  the  positron 
axial  motion,  but  this  coupling  becomes  exponentially  weak  when  the  Larmor  radius 
is  less  than  the  distance  of  closest  approach  (the  strongly  magnetized  regime).  For 
a 10®  cm”^  positron  plasma  this  energy  transfer  rate  is  ~10  Hz  for  T ~10  K [23]. 
Therefore  we  anticipate  Tx  to  be  ~ 10  K and  greater  than  Ty,  which  is  cooled  by 
Coulomb  collisions  with  the  laser-cooled  ®Be'^  ions. 

Centrifugal  separation  has  been  discussed  theoretically  by  O’Neil  [25].  In  this 
case  the  different  charged  species  were  assumed  to  have  the  same  temperature 
as  required  in  a global  thermal  equilibrium  state.  However,  because  of  the  weak 
thermal  coupling  between  the  positrons  and  ®Be+  ions,  the  positrons  could  have 
a greater  temperature  than  the  ^Be"*"  ions.  In  order  to  estimate  the  effect  of  the 
positron  temperature  on  the  centrifugal  separation  we  calculated  the  positron  and 
^Be"*"  radial  density  profiles  for  an  infinitely  long  column  assuming  rigid  rotation 
of  the  plasma  but  different  temperatures.  The  ®Be'''  ions  were  assumed  to  be  cold 
(Tee+=0)  and  the  positron  temperature  non-zero  (Te+  > 0).  Figure  4(a)  shows 
the  results  of  these  calculations  for  conditions  similar  to  some  of  the  experimental 
measurements  {uir  = 27tx500  kHz,  positrons/Iength=1.5xlO^  cm“^).  For  a given 
positron  temperature,  the  ®Be"''  density  makes  a sharp  jump  to  a non-zero  zero 
density  at  a particular  radius.  This  jump  is  then  followed  by  a gradual  increase 
at  larger  radii.  As  the  positron  temperature  increases,  the  sharp  jump  becomes 
smaller  and  the  subsequent  increase  in  the  ^Be"*"  density  more  gradual. 

We  compare  these  calculations  with  the  experimental  profiles  of  the  radial  vari- 
ation of  fluorescence,  or  the  ®Be“''-e+  ion  density  (Fig.  4(b)).  In  the  experimental 
measurements  the  plasmas  had  an  axial  extent  that  is  typically  smaller  than  the 
overall  plasma  diameter  (see  Fig.  lb)).  However,  the  calculations,  which  are  for  an 
infinitely  long  column,  should  describe  the  separation  of  the  species  as  long  as  the 
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diameter  of  the  dark  region  in  the  ®Be+  fluorescence  is  smaller  than  the  axial  extent 
of  the  plasma.  We  typically  worked  in  this  regime.  Comparison  of  the  profiles  in 
Figs.  4(a)  and  (b)  shows  a measured  separation  that  is  significantly  sharper  than 
that  calculated  at  10  K and  reasonably  consistent  with  the  5 K separation.  Also 
shown  in  Fig  4(b)  is  the  measured  separation  between  ®Be+  ions  and  light  mass 
ions  for  the  same  inner  column  size.  From  previous  studies  of  sympathetic  cooling 
[24,26-28]  we  expect  the  temperature  of  both  species  to  be  less  than  1 K.  However, 
because  the  sharpness  of  the  separation  is  much  worse  than  calculated  for  T = 1 
K,  we  believe  the  profile  measurements  in  Fig.  4(b)  are  limited  by  the  resolution 
of  the  imaging-system  optics. 

We  emphasize  that  this  temperature  limit  is  only  for  positron  motion  parallel  to 
the  magnetic  field.  This  is  because  for  a strongly  magnetized  plasma  the  perpen- 
dicular kinetic  energy  is  constrained  by  a many-particle  adiabatic  invariant  [23]. 
This  modifies  the  particle  distribution  function  (which  is  what  we  measure  in  Fig. 
4(b))  with  the  result  that  the  Debye  length  is  determined  by  T||,  not  Tx  [29]. 


VI  DISCUSSION  AND  ACKNOWLEDGMENTS 

The  low  accumulation  rate  limited  to  a few  thousand  the  number  of  positrons  that 
could  be  accumulated.  This  number  needs  to  be  significantly  increased  for  most  of 
the  potential  applications  of  cold  positrons,  such  as  a source  for  cold  beams.  This 
could  be  done  by  combining  the  sympathetic  cooling  technique  with  an  established 
technique  for  accumulating  positrons  [12-16].  It  is  interesting  to  speculate  about 
the  maximum  number  of  positrons  that  can  be  sympathetically  cooled.  A potential 
limit  is  the  number  of  ions  that  can  be  directly  laser-cooled.  We  can  routinely  load 
and  laser-cool  ~10®  ^Be"*"  ions  to  temperatures  <10  mK.  This  ion  number  is  limited 
by  our  loading  technique  rather  than  by  the  capabilities  of  laser-cooling.  With  a 
different  loading  technique  non-neutral  plasmas  of  ~10®  Mg+  ions  have  been  laser- 
cooled  to  ~1  K temperatures  [30].  Therefore  ~10®  positrons,  comparable  to  the 
current  largest  number  of  trapped  positrons,  could  possibly  be  sympathetically 
laser-cooled  in  a Penning  trap.  This  would  provide  a useful,  very  cold  source  of 
positrons  in  a room-temperature  vacuum  system. 
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